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OPTICAL FIBER, OPTICAL TRANSMISSION
LINE, AND METHOD FOR
MANUFACTURING OPTICAL FIBER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of PCT International
Application No. PCT/JP2012/071341 filed in Japan on Aug.
23, 2012, which claims the benefit of Patent Application No.
2011-185269 filed in Japan on Aug. 26, 2011, the entire
contents of which are hereby incorporated by reference.

TECHNICAL FIELD

The present invention relates to a two-mode optical fiber,
an optical transmission line including the two-mode optical
fiber, and a method for manufacturing the two-mode optical
fiber.

BACKGROUND ART

In optical information communication, optical fibers
which serve as transmission media have been required to have
larger transmission capacity as communications traffic
increases. Particularly, a long-distance transmission optical
fiber employing Wavelength Division Multiplexing (WDM)
has been keenly required to meet such requirement. Further, it
is predicted that the communications traffic will continue to
increase. Therefore, increase in the transmission capacity of
the optical fibers is an urgent object to be attained.

In order to increase transmission capacity of an optical
fiber, it is necessary to increase power of signal light to be
supplied to the optical fiber. However, increase in the power
of'the signal light to be supplied to the optical fiber increases
power density in a core, thereby causing problems such as
production of a nonlinear optical effect and generation of
fiber fuse. It is therefore necessary to increase an effective
core area of the optical fiber so as to (i) avoid the problems and
(i1) increase the transmission capacity of the optical fiber by
increasing the power of the signal light to be supplied to the
optical fiber.

The optical fiber whose effective core area is increased is
exemplified in Patent Literatures 1 and 2.

Patent Literature 1 describes a technique of increasing, to
120 um? or more, an effective core area of a single-mode fiber
having a depressed refractive index distribution. Patent Lit-
erature 2 describes a technique of increasing, to 130 um?® or
more, an effective core area of an optical fiber which has a
core including a first core layer (high refractive index), a
second core layer (low refractive index), and a third core layer
(intermediate refractive index). The single-mode fibers
described in Patent Literatures 1 and 2 have no mode disper-
sion and, also in this respect, have an advantage in having
larger transmission capacity.

CITATION LIST
Patent Literatures

Patent Literature 1

Japanese Patent Application Publication, Tokukai, No. 2003-
262752 A (Publication Date: Sep. 19, 2003)
Patent Literature 2

Japanese Patent Application Publication, Tokukai, No. 2004-
12685 A (Publication Date: Jan. 15, 2004)
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2
SUMMARY OF INVENTION

Technical Problem

The single-mode fibers described in Patent Literatures 1
and 2 have theoretical limitation on their core radiuses, and
therefore cannot have core radiuses larger than the theoretical
limitation. It was therefore impossible to sufficiently increase
effective core areas of the single-mode fibers, thereby failing
to sufficiently meet a requirement that the single-mode fibers
have larger transmission capacity.

The following description will specifically discuss the
problem. That is, a single-mode fiber should meet Expression
(1) so as to cut off a second-order mode (LP11).

[Math 1]

®

Ve on e nl? —n22
=xe nl?

] <2405

where V represents a normalized frequency, A represents a
wavelength, a represents a core radius, nl represents a refrac-
tive index of a core, and n2 represents a refractive index of a
clad. Light only in a fundamental mode (LP01) is propagated
in the single-mode fiber in a case where the core radius a, the
refractive index nl1, and the refractive index n2 are set so as to
meet Expression (1). Thus, the single-mode fiber which car-
ries out no mode dispersion can be realized.

However, the core radius a cannot be freely increased in a
case where the core radius a is set to meet Expression (1). Itis
therefore impossible to freely increase an effective core area.
Note that the core radius a can be increased by reduction in the
refractive index nl of the core. Meanwhile, decrease in the
refractive index n1 of the core increases bend loss. Therefore,
in a case where a standard or the like determines an upper
limit of the bend loss, the core radius a is inevitably limited in
Expression (1).

A core radius of a multimode fiber is not limited in Expres-
sion (1). This allows the multimode fiber to have an effective
core area larger than that of the single-mode fiber. Mean-
while, the multimode fiber inevitably carries out mode dis-
persion. The mode dispersion reduces transmission capacity
in proportion to a transmission distance. It is therefore impor-
tant to prevent the mode dispersion so as to manufacture a
multimode fiber which can carry out long-distance transmis-
sion with large transmission capacity.

A two-mode optical fiber is a multimode fiber which trans-
mits light in a fundamental mode or in a second-order mode
and whose mode dispersion is most easily prevented. Mean-
while, it is unclear what values parameters which define a
structure of the two-mode optical fiber should have so that the
two-mode optical fiber cuts off a third-order mode and mini-
mizes the mode dispersion. On this account, a two-mode
optical fiber which can carry out long-distance transmission
has not been developed at this stage.

The present invention was made in view of the problems,
and an object of the present invention is to provide a two-
mode optical fiber which has a reduced mode dispersion.
Another object of the present invention is to provide an opti-
cal fiber which not only has a reduced mode dispersion but
also has a large effective core area and a small bend loss.

Solution to Problem

In order to attain the object, an optical fiber of the present
invention is configured to include: an inner core whose refrac-
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tive index distribution has an a profile (power-law index
profile); an outer core which surrounds the inner core; and a
clad which surrounds the outer core, the optical fiber having
Rd of not less than 0.15 where Rd is a ratio of a relative
refractive index difference between the outer core and the
clad to a relative refractive index difference between a center
part of the inner core and the clad.

According to the configuration, it is possible to realize an
optical fiber which meets a third-order mode cutoff condition
and a low mode dispersion condition by appropriately setting
parameters Ra and A, and a core radius a (which will be later
described).

What is meant by the third-order mode cutoff condition is
a condition imposed on a parameter which defines a structure
of an optical fiber so that the optical fiber can cut off a
third-order mode or higher-order modes of light which has
entered the optical fiber. That is, the third-order mode cutoff
condition is a condition imposed on a parameter which
defines a structure of an optical fiber so that the optical fiber
can function as atwo-mode optical fiber. What is meant by the
low mode dispersion condition is a condition imposed on a
parameter which defines a structure of an optical fiber so that
a mode dispersion At is not less than -5 ps/km but not more
than +20 ps/km.

In order to attain the object, an optical transmission line of
the present invention is configured to include: the optical
fiber; and a mode dispersion compensating optical fiber hav-
ing a mode dispersion which is opposite in sign to a mode
dispersion of the optical fiber.

According to the configuration, it is possible to realize an
optical transmission line whose mode dispersion is smaller
than that of an optical transmission line constituted by the
optical fiber only.

In order to attain the object, a method of the present inven-
tion for manufacturing an optical fiber including an inner core
whose refractive index distribution has an o profile, an outer
core which surrounds the inner core, and a clad which sur-
rounds the outer core, the method including the step of: set-
ting respective refractive indices of the inner core, the outer
core, and the clad so that the optical fiber has Rd of not less
than 0.15 where Rd is a ratio of a relative refractive index
difference between the outer core and the clad to a relative
refractive index difference between a center part of the inner
core and the clad.

According to the arrangement, it is possible to produce an
optical fiber which meets the third-order mode cutoff condi-
tion and the low mode dispersion condition by appropriately
setting the parameters Ra and A, and the core radius a (which
will be later described).

Advantageous Effects of Invention

According to the present invention, it is possible to realize
an optical fiber which meets a third-order mode cutoff con-
dition and a low mode dispersion condition by appropriately
setting parameters Ra and A, and a core radius a. That is, it is
possible to manufacture a two-mode optical fiber whose
mode dispersion is reduced, by appropriately setting the
parameters Ra and A, and the core radius a.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is aview illustrating a structure of an optical fiber in
accordance with an embodiment of the present invention. (a)
of FIG. 1 illustrates a cross section and a side surface of the
optical fiber. (b) of FIG. 1 is a graph showing a refractive
index distribution of the optical fiber.
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FIG. 2 is a graph showing a relationship between an equiva-
lent V value T and a mode dispersion At which are obtained
in a case where Rd of the optical fiber illustrated in FIG. 1 is
setto 0.1, 0.15, 0.2, 0.3, or 0.4.

FIG. 3 is a graph showing a relationship (indicated by a
dash line) between an effective core area Aeff and Rd, and a
relationship (indicated by a solid line) between a bend loss
and Rd of the optical fiber illustrated in FIG. 1.

(a) of FIG. 4 is a graph showing a relationship between an
equivalent V value T and a mode dispersion At which are
obtained in a case where (i) Rd of the optical fiber illustrated
in FIG. 1 is 0.23 and (ii) Ra of the optical fiber illustrated in
FIG. 1 is set to 0.76, 0.80, 0.82, 0.90, or 0.94.

(b) of FIG. 4 is a graph showing a relationship between an
equivalent V value T and a mode dispersion At which are
obtained in a case where (i) Rd of the optical fiber illustrated
in FIG. 1 is 0.15 and (ii) Ra of the optical fiber illustrated in
FIG. 1 is set to 0.78, 0.80, 0.82, 0.84, or 0.90.

FIG. 5 is a graph showing a relationship (indicated by a
dash line) between an effective core areca Aeff and Ra, and a
relationship (indicated by a solid line) between a bend loss
and the Ra of the optical fiber illustrated in FIG. 1.

FIG. 61is a graph showing a relationship between an equiva-
lent V value T and a mode dispersion At which are obtained
in a case where a core A of the optical fiber illustrated in FIG.
1 is set to 0.3%, 0.33%, 0.35% or 0.4%.

FIG. 7 is a graph showing a relationship between a bend
loss and a core A of the optical fiber illustrated in FIG. 1.

FIG. 8 is a graph showing a relationship between an effec-
tive core area Aeff and a core A of the optical fiber illustrated
in FIG. 1.

FIG. 9 is a graph showing a region V which meets a third-
order mode cutoff condition, a low mode dispersion condi-
tion, a large effective core area condition, and a low bend loss
condition in a parameter space P spanned by parameters Rd,
Raand A.

FIG. 10 is a view illustrating an example configuration of
an optical transmission line including the optical fiber illus-
trated in FIG. 1.

DESCRIPTION OF EMBODIMENTS
Structure of Optical Fiber

The following description will discuss a structure of an
optical fiber 1 in accordance with the present embodiment,
with reference to FIG. 1. (a) of FIG. 1 illustrates a cross
section and a side surface of the optical fiber 1. (b) of FIG. 1
is a graph showing a refractive index distribution of the opti-
cal fiber 1. Note that the refractive index distribution illus-
trated in (b) of FIG. 1 is a refractive index distribution on a
straight line orthogonal to a center axis L (see (a) of FIG. 1) of
the optical fiber 1 illustrated in (a) of FIG. 1.

The optical fiber 1 is a cylindrical structure which mainly
contains silica glass. The optical fiber 1 is made up of (i) a
core 11 having a circular cross section (having a radius a) and
(i) a clad 12 which has an annular cross section (having an
inner radius a and an outer radius b) and surrounds the core 11
(see (a) of FIG. 1). The core 11 is made up of (i) an inner core
111 having a disc-shaped cross section (having a radius r1)
and (ii) an outer core 112 which has an annular cross section
(having an inner radius rl and an outer radius r1+4r2) and
surrounds the inner core 111. The inner core 111 is different
from the outer core 112 in refractive index distribution. Any
cross sections of the optical fiber 1 taken orthogonal to the
center axis L have an identical cross-sectional structure. Note
that the outer core 112 is also called “trench”.
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The refractive index distribution of the inner core 111 has
an o profile (more specifically, an o profile where a=2) where
the inner core 111 has a maximum refractive index n1 on the
center axis L (see (b) of FIG. 1). Note here that the o profile
represents a refractive index distribution in which a refractive
index n(r) of a point which is distant by r from the center axis
L is represented by n1[1-28(r/a)*]'”* where d represents a
relative refractive index difference between a center part of
the inner core 111 and the outer core 112. A refractive index
nl' of the outer core 112 is fixed as shown in (b) of FIG. 1. A
refractive index n2 ofthe clad 12 is also fixed as shown in (b)
of FIG. 1. There is a relationship of nl'<n2<nl among the
maximum refractive index nl of the inner core 111, the
refractive index nl1' of the outer core 112, and the refractive
index n2 of the clad 12. The refractive index distribution
described above can be realized by, for example, a conven-
tionally well-known technique of adding germanium (Ge) so
as to locally increase a refractive index or adding fluorine (F)
s0 as to locally decrease a refractive index.

In (b) of FIG. 1, A+ represents a relative refractive index
difference [(n1?-n2%)/2n1%]x100 [%] between the center part
of the inner core 111 and the clad 12, and A- represents a
relative refractive index difference [(n1™-n2%)/2n1"]x100
[%] between the outer core 112 and the clad 12.

The following description mainly uses A, Rd, and Ra as
parameters which define the structure of the optical fiber 1.
The parameter A represents the relative refractive index dif-
ference A+ itself, the parameter Rd represents a ratio A—/A+ of
the relative refractive index difference A- to the relative
refractive index difference A+, and the parameter Ra repre-
sents a ratio r1/a of the radius r1 of the inner core 111 to the
radius a of the core 11. The relative refractive index difference
A- can be represented by A—-=A+xRd with use of the param-
eter Rd. The radius r1 of the inner core 111 can be represented
by r1=Raxa with use of the parameter Ra. A thickness r2 of
the outer core 112 can be represented by r2=(1-Ra)xa with
use of the parameter Ra. The relative refractive index differ-
ence A is hereinafter referred to also as “core A”.

The following description also uses an equivalent V value
T so as to indicate a transmission property of the optical fiber
1. The equivalent V value T is defined by T=/[n*(r)-n>
(c0)k]"2dr (having an integral range of 0 to o) where n(r)
represents a refractive index of a point which is distant by r
from the center axis L, and k represents a wavenumber of light
that enters the optical fiber 1 (hereinafter referred to as “inci-
dent light”). The equivalent V value T has a relationship
represented by Expression (2) with anormalized frequency V.

[Math 2]

nl2 —p2? (&)
1 2( 2nl2 ]

where A represents a constant called shape constant.

The optical fiber 1 having the refractive index distribution
shown in (b) of FIG. 1 cuts off a third-order mode (I.P21) in
a case where the equivalent V value T is not more than 4.4.
That is, the optical fiber 1 functions as a TMF (a two-mode
optical fiber) in the case where the equivalent V value T is not
more than 4.4. Note that the third-order mode cutoff condition
(where the equivalent V value T is not more than 4.4) is a
condition found by the inventors of the present invention as a
result of a numerical experiment.
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6

The optical fiber 1 of the present embodiment is, briefly
speaking, an optical fiber whose parameters a, A, Rd, and Ra
are optimized so as to meet the following conditions (1)
through (4): (1) the third-order mode cutoff condition is met,
(2) a mode dispersion At is small, (3) an effective core area
Aeff is large, and (4) a bend loss is small. More specifically,
the optical fiber 1 is an optical fiber whose parameters a, A,
Rd, and Ra are set so as to meet the following conditions (1)
through (4) in a case where a wavelength A of the incident
light is 1.55 pm: (1) the third-order mode cutoff condition is
met, (2) the mode dispersion At is not less than -5 ps/km but
not more than +20 ps/km (ps represents “picosecond”), (3) an
effective core area Aeff related to an LP01 is not less than 150
um?, and (4) a bend loss (R=40 mm) related to an LP11 is not
more than 1.0x1072 dB/km. The conditions (2), (3), and (4)
are hereinafter referred to as “low mode dispersion condi-
tion”, “large effective core area condition”, and “low bend
loss condition”, respectively.

(Setting of Rd)

The following description will discuss setting of Rd with
reference to FIGS. 2 and 3. Particularly, a range of Rd that
meets the above-described four conditions (1) through (4)
will be described.

FIG. 2 is a graph showing a relationship between an equiva-
lent V value T and a mode dispersion At which are obtained
in a case where Rd is 0.1, 0.15, 0.2, 0.3, or 0.4. The graph is
obtained by calculating the equivalent V value T and the mode
dispersion At while changing a core radius a under the con-
dition that a wavelength A of incident light, Ra, and a core A
are fixed to 1.55 um, 0.80, and 0.35%, respectively.

As is clear from FIG. 2, in the case where Rd is 0.1, a range
of'an equivalent V value T that yields a mode dispersion At
within a range of not less than -5 ps/km but not more than +20
ps/km is included in a region defined by T>4.4. That is, in the
case where Rd is 0.1, the low mode dispersion condition and
the third-order mode cutoff condition cannot be met together.
Meanwhile, in the case where Rd is 0.15, 0.2, 0.3, 0or 0.4, a
range of an equivalent V value T that yields a mode dispersion
At within a range of not less than -5 ps/km but not more than
+20 ps/km is included in a region defined by T=4.4. That is,
the low mode dispersion condition and the third-order mode
cutoff condition can be met together.

The equivalent V value T that meets the low mode disper-
sion condition increases monotonously as Rd decreases, and
the equivalent V value T that meets the low mode dispersion
condition T is approximately 4.4 in the case where Rd is 0.15.
It follows that the low mode dispersion condition and the
third-order mode cutoff condition can be met together in a
case where Rd is not less than 0.15, whereas the low mode
dispersion condition and the third-order mode cutoff condi-
tion cannot be met together in a case where Rd is less than
0.15.

The following conclusion is obtained from the graph
shown in FIG. 2. That is, it is preferable that Rd of the optical
fiber 1 be set to not less than 0.15. This enables the optical
fiber 1 to meet the low mode dispersion condition and the
third-order mode cutoff condition.

FIG. 3 is a graph showing a relationship (indicated by a
dash line) between an effective core area Aeff and Rd, and a
relationship (indicated by a solid line) between a bend loss
and Rd. The graph is obtained by calculating (i) an effective
core area Aeff for each Rd value and (ii) a bending loss for
each Rd value, under the condition that a wavelength A of
incident light, Ra, and a core A are fixed to 1.55 pum, 0.80, and
0.35%, respectively. At this time, a core radius a is set 5o as to
meet the low mode dispersion condition for each Rd value.
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Note that the reason why the bend loss has a positive
correlation with Rd in FIG. 3 is that the core radius a is set so
as to meet the low mode dispersion condition (in a case where
the core radius a is constant, the bend loss has a negative
correlation with Rd). That is, as Rd decreases, the core radius
a (proportional to the equivalent V value T) that meets the low
mode dispersion condition increases (see FIG. 2) and, as a
result, the bend loss decreases.

Asisclear from FIG. 3, in a case where Rd is not more than
0.25, the effective core area Aeffis not less than 150 um?>. That
is, the large effective core area condition is met. Further, in a
case where Rd is not more than 0.23, the bend loss (R=40
mm) is not more than 1.0x1072 dB/km. That is, the low bend
loss condition is further met.

The following conclusion is obtained from the graph
shown in FIG. 3. That is, it is preferable that Rd of the optical
fiber 1 be set to not more than 0.25. This enables the optical
fiber 1 to meet the large effective core area condition. Further,
it is more preferable that Rd of the optical fiber 1 be set to not
more than 0.23. This enables the optical fiber 1 to meet the
large effective core area condition and the low bend loss
condition at the same time.

On the basis of the findings, it is most preferable to set Rd
of the optical fiber 1 of the present embodiment to not less
than 0.15 but not more than 0.23. This enables the optical fiber
1 to meet all of the above-described four conditions, that is,
the third-order mode cutoff condition, the low mode disper-
sion condition, the large effective core area condition, and the
low bend loss condition. Note, however, that Rd may be set to
notless than 0.15 but not more than 0.25. In this case, the three
conditions other than the low bend loss condition among the
above-described four conditions can be met.

(Setting of Ra)

The following description will discuss setting of Ra with
reference to FIGS. 4 and 5. Particularly, a range of Ra that
meets the above-described four conditions in the case where
Rd is set to not less than 0.15 but not more than 0.23 will be
described.

(a) of FIG. 4 is a graph showing a relationship between an
equivalent V value T and a mode dispersion At which are
obtained in a case where Ra is 0.76, 0.80, 0.82, 0.90 or 0.94.
The graph is obtained by calculating the equivalent V value T
and the mode dispersion At while changing a core radius a
under the condition that a wavelength A of incident light, Rd,
and a core A are fixed to 1.55 pm, 0.23, and 0.35%, respec-
tively.

Asis clear from (a) of FIG. 4, in any cases where Ra is 0.76,
0.80,0.82,0.90 0r 0.94, a range of an equivalent V value T that
yields a mode dispersion At within a range of not less than -5
ps/km but not more than +20 ps/km is included in a region
defined by T=4.4. That is, the low mode dispersion condition
and the third-order mode cutoff condition can be met
together.

The equivalent V value T that meets the low mode disper-
sion condition increases monotonously as Ra increases, and
the equivalent V value T that meets the low mode dispersion
condition T is approximately 4.4 in the case where Ra is 0.94.
It follows that the low mode dispersion condition and the
third-order mode cutoff condition can be met together in a
case where Ra is not more than 0.94, whereas the low mode
dispersion condition and the third-order mode cutoff condi-
tion cannot be met together in a case where Ra is more than
0.94.

The following conclusion is obtained from the graph
shown in (a) of FIG. 4. That is, it is preferable to set Ra of the
optical fiber 1 to not more than 0.94 in a case where Rd of the
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optical fiber 1 is set to 0.23. This enables the optical fiber 1 to
meet both the low mode dispersion condition and the third-
order mode cutoff condition.

(b) of FIG. 4 is a graph showing a relationship between an
equivalent V value T and a mode dispersion At which are
obtained in a case where Ra is 0.78, 0.80, 0.82, 0.84 or 0.90.
The graph is obtained by calculating the equivalent V value T
and the mode dispersion At while changing a core radius a
under the condition that a wavelength A of incident light, Rd,
and a core A are fixed to 1.55 pm, 0.15, and 0.35%, respec-
tively. As is clear from (b) of FIG. 4, in a case where Ra is not
more than 0.8, the low mode dispersion condition and the
third-order mode cutoff condition can be met together. In
contrast, in a case where Ra is more than 0.8, the low mode
dispersion condition and the third-order mode cutoff condi-
tion cannot be met together.

That s, it is preferable to set Ra of the optical fiber 1 to not
more than 0.8 in a case where Rd of the optical fiber 1 is set to
0.15. This enables the optical fiber 1 to meet both the low
mode dispersion condition and the third-order mode cutoff
condition. By setting Ra to not more than 0.8, it is possible to
meet both the low mode dispersion condition and the third-
order mode cutoff condition even in cases where Rd is set to
0.15, 0.23, or a value in a range of 0.15 through 0.23.

FIG. 5 is a graph showing a relationship (indicated by a
dash line) between an effective core areca Aeff and Ra, and a
relationship (indicated by a solid line) between a bend loss
and Ra. The graph is obtained by calculating (i) an effective
core area Aeff for each Ra value and (ii) a bending loss for
each Ra value, under the conditions that (i) a wavelength A of
incident light is fixed to 1.55 pm, (ii) Rd is fixed to 0.15 or
0.23, and (iii) a core A is fixed to 0.35%. At this time, a core
radius a is set so as to meet the low mode dispersion condition
for each Rd value.

Note that the reason why the bend loss has a negative
correlation with Ra in FIG. 5 is that the core radius a is set so
as to meet the low mode dispersion condition (in a case where
the core radius a is constant, the bend loss has a positive
correlation with Ra). That is, as Ra increases, the core radius
a (proportional to the equivalent V value T) that meets the low
mode dispersion condition increases (see FIG. 2) and, as a
result, the bend loss decreases.

As is clear from FIG. 5, in a case where Rd is 0.23 and the
Ra is not less than 0.77, the effective core area Aeffis not less
than 150 um?. That is, the large effective core area condition
is met. Further, in a case where Rd is 0.23 and the Ra is not
less than 0.78, the bend loss (R=40 mm) is not more than
1.0x1072 dB/km. That is, the low bend loss condition is fur-
ther met.

Note that by setting Rd to 0.15, it is possible to meet the
large effective core area condition even in a case where Ra is
reduced to 0.70. Accordingly, by setting Ra to not less than
0.77 as mentioned above, it is possible to meet the large
effective core area condition even in cases where Rd is set to
0.15, 0.23, or a value in a range of 0.15 through 0.23.

Further, by setting Rd to 0.15, it is possible to meet the low
bend loss condition even in a case where Ra is reduced to 0.72
(extrapolation of the graph makes it apparent that in reality,
the low bend loss condition is met even in a case where Ra is
reduced to 0.70). Therefore, by setting Rato notless than 0.78
as mentioned above, it is possible to meet the low bend loss
condition even in the cases where Rd is set to 0.15,0.23, ora
value in a range of 0.15 through 0.23.

On the basis of the findings, it is most preferable to set Ra
of the optical fiber 1 of the present embodiment to not less
than 0.78 but not more than 0.80. This, when Rd is set to any
value that is not less than 0.15 but not more than 0.23, makes
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it possible to meet all of the above-described four conditions,
that is, the third-order mode cutoff condition, the low mode
dispersion condition, the large effective core area condition,
and the low bend loss condition.

Note that Ra may be set to not less than 0.78 but not more
than 0.94. In this case, all of the above-described four condi-
tions can be met at least when Rd is set to 0.23. Alternatively,
Ra may be set to not less than 0.77 but not more than 0.94. In
this case, the three conditions other than the low bend loss
condition among the four conditions can be met at least when
Rd is setto 0.23.

Alternatively, Ra may be set to not less than 0.72 but not
more than 0.8. In this case, all of the four conditions can be
met at least when Rd is set to 0.15. Alternatively, Ra may be
set to not less than 0.7 but not more than 0.8. In this case, the
three conditions other than the low bend loss condition among
the four conditions can be met at least when Rd is set to 0.15
(in reality, all of the four conditions can be met).

(Setting of Core A)

The following description will discuss setting of a core A
with reference to FIGS. 6 through 8. Particularly, a range of a
core A that meets the four conditions in a case where (i) Rd is
set to not less than 0.15 but not more than 0.23 and (ii) Ra is
set to not less than 0.78 but not more than 0.80 will be
described.

FIG. 6 is a graph showing a relationship between an equiva-
lent V value T and a mode dispersion At which are obtained
in a case where the core A is 0.3%, 0.33%, 0.35%, or 0.4%.
The graph is obtained by calculating the equivalent V value T
and the mode dispersion At while changing a core radius a
under the condition that the wavelength A of the incident light,
Rd, and Ra are fixed to 1.55 um, 0.15, and 0.8, respectively.

As is clear from FIG. 6, the relationship between the
equivalent V value T and the mode dispersion At does not
substantially change even in a case where the value of the core
A is changed. It is therefore possible to meet both the low
mode dispersion condition and the third-order mode cutoff
condition regardless of the value of the core A, in the case
where (i) Rd is set to not less than 0.15 but not more than 0.23
and (i1) Ra is set to not less than 0.78 but not more than 0.80.

FIG. 7 is a graph showing a relationship between a bend
loss and a core A. The graph is obtained by calculating a bend
loss for each core A value under the condition that (i) a
wavelength A of incident light is fixed to 1.55 pum, (ii) Rd is
fixedt0 0.15,0.20, or 0.23, and (ii) Ra is fixed to 0.78 or 0.80.
Atthis time, a core radius ais determined so as to meet the low
mode dispersion condition.

For each combination of Ra and Rd, Table 1 shows a range
of a core A that meets the low bend loss condition. As is clear
from Table 1, by setting the core A to not less than 0.35%, it
is possible to meet the low bend loss condition with respect to
all of the combinations of Ra and Rd.

TABLE 1
Rd
0.15 0.2 0.23
Ra 0.78 coreA=0.32 core A = 0.34 core A = 0.35
0.8 core A = 0.32 core A = 0.34 core A = 0.35

FIG. 8 is a graph showing a relationship between an effec-
tive core area Aeff and a core A. The graph is obtained by
calculating effective core areas Aeff for respective cores A
under the condition that (i) a wavelength A of incident light is
fixed to 1.55 um, (ii) Rd is fixed to 0.15, 0.20, or 0.23, and (iii)
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10
Ra is fixed to 0.78 or 0.80. At this time, a core radius a is
determined so as to meet the low mode dispersion condition.
For each combination of Ra and Rd, Table 2 shows a range
of'a core A that meets the large effective core area condition.
As is clear from Table 2, by setting the core A to not more than
0.35%, it is possible to meet the large effective core area

condition with respect to all of the combinations of Ra and
Rd.

TABLE 2
Rd
0.15 0.2 0.23
Ra 0.78 core A=0.37 core A=0.36 core A=0.35
0.8 coreA=0.38 core A =0.37 core A=0.35
(Region in Parameter Space which Meets Four Conditions)
FIG. 9 shows aregion V in a parameter space P spanned by

parameters Rd, Raand A, which region V meets all of the four
conditions (the third-order mode cutoff condition, the low
mode dispersion condition, the large effective core area con-
dition, and the low bend loss condition).

As shown in FIG. 9, the region V can be approximated by
a pentahedron defined by the following six vertexes P1
through P6 (see Tables 1 and 2). It is therefore possible to
meet the four conditions simultaneously by setting (Rd, Ra,
A) to be included in the pentahedron.

P1=(0.23, 0.78, 0.35)

P2=(0.23, 0.80, 0.35)

P3=(0.15, 0.78, 0.37)

P4=(0.15, 0.80, 0.38)

P5=(0.15, 0.78, 0.32)

P6=(0.15, 0.80, 0.32)

Further, as shown in FIG. 9, the region V includes a rect-
angular parallelepiped W represented by the following three
inequalities. As a matter of course, in a case where (Rd, Ra, A)
is included in the rectangular parallelepiped W, the conditions
(1) through (4) are met simultaneously.

0.15=Rd=0.20
0.78=Ra=0.80
0.34%=A=0.36%

Example Setting of Parameter

Table 3 shows an example setting of parameters A, Rd, and
Raoftheoptical fiber 1. In the example setting, the core radius
ais 15.5, and the equivalent V value T is 4.27.

TABLE 3
Parameter Value
Core A 0.34
Rd 0.2
Ra 0.8
Core radius 15.5
Equivalent V value T 4.27

Table 4 shows transmission properties (mode dispersion,
wavelength dispersion, bend loss, and effective core area)
which are calculated under the setting of the parameters A,
Rd, and Ra as shown in Table 3.
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TABLE 4 that of the optical transmission line constituted by the optical
fiber 1 only. The optical transmission line 10 is an optical

:,Vﬁvele,ngﬂlt transmission line configured by fusion-bonding (i) an exit end

1SpETrsion af . . .. .

1250 m LP,, bend loss LP,, sprface of the .c.)ptlce.ll ﬁber 1 having a positive que disper-
[ps/km/nm] (R =40 mm) Ay 5 sion Atp and (ii) an incident end surface of the optical fiber 2

having a negative mode dispersion Atn.
A phase of light in an LP11, which light has entered the
+3.2 2145 921 6.88 x 1076 162.1 optical fiber 1, advances by Atp with respect to a phase of an
LP01 while the light propagates through the optical fiber 1.
O The phase of the LP11 of the light which has entered the
optical fiber 2 delays by Atn with respect to the phase of LP01

AT [ps/km] LPo, LP, [dB/km] [um?]

1
As is clear from Table 4, it is possible to meet all of the four
conditions (the third-order mode cutoff condition, the low

mode dispersion condition, the large effective core area con- while the light propagates through the optical fiber 2. There-
dition, and the low bend loss condition) in a case where the 10T, an advance in phase caused while the light propagates
parameters A, Rd, and Ra are set as shown in Table 3. In the optical fiber 1 is compensated by a delay in phase caused
: : : 5> while the light propagates the optical fiber 2 (Mode Disper-
particular, as is shown by the effective core area Aeff that v ! ¢
reaches 162.1, it is possible to attain a remarkably large sion Compensation), in a case where Lpx|Atpl~Lnx|Atn|
effective core area Aeff which was conventionally difficultto ~ Where Lp represents a length of the optical fiber 1 and Ln
attain. represents a length of the optical fiber 2.

Table 5 shows another example setting of the parameters A, An optical fiber 1 which is set to meet the above-described
Rd, and Ra of the optical fiber 1. In the another example parameter constraint condition and have a mode dlsper51qn
setting, the core radius a is 15.72, and the equivalent V value Awnp of not less than 5 ps/km but not more than 20 ps/km is
Tis 4.04. preferably combined with, for example, an optical fiber 2

which meets the following conditions.
The mode dispersion Atn is not less than —105 ps/km but
TABLE S 23 not more than —95 ps/km.
Parameter Value An effective core area Aeff related to an LP01 is not less
oo A 035 than 150 um? and is substantially equal to that of the
Rd 0.2 optical fiber 1.
Ra 0.78 Abend loss (R=40 mm) related to an P11 is not more than
Core radius 15.72 30 1.0x1072 dB/km.
Equivalent V value T 4.24
Example Setting of Parameter

Table 6 shows transmission properties (mode dispersion,
wavelength dispersion, bend loss, and effective core area) of The following description will discuss a first example set-
the optical fiber 1 which are calculated under the setting of the 3> ting of parameters A, Rd, and Ra of each of the optical fibers
parameters A, Rd, and Ra as shown in Table 5. 1 and 2 which constitute the optical transmission line 10. Note

that each of the optical fibers 1 and 2 has the refractive index
TABLE 6 distribution shown in (b) of FIG. 1.
Table 7 shows an example setting of the parameters A, Rd,
Wavelength 40 and Ra of the optical fiber 1 having the positive mode disper-
dispersion sion Atnp. In the example setting, the core radius a is 15.7,
at 1550 nm LP,, bend loss LPy, . .
[ps/km/nm] (R = 40 mm) Ay and the equivalent V value T is 4.33.
A [ps/km] LPy,  LPy, [dB/km] [pm”] TABLE 7
-0.3 2061 9.43 9.50 x 107 160.2 » Parameter Value

As is clear from Table 6, it is possible to meet the four ﬁj“ 824
conditions (the third-order mode cutoff condition, the low Ra 0.8
mode dispersion condition, the large effective core area con- 50 Core radius 15.7
dition, and the low bend loss condition) in a case where the Equivalent V' value T 433
parameters A, Rd, and Ra are set as shown in Table 5. In
particular, as is shown by the effective core area Aeff that Table 8 shows transmission properties (mode dispersion,
reaches 160.2, it is possible to attain a remarkably large wavelength dispersion, bend loss, and effective core area) of
effective core area Aeff which was conventionally difficultto 55 the optical fiber 1 whose parameters A, Rd, and Ra are set as
attain. shown in Table 7.

(Mode Dispersion Compensation)

In a case where the optical fiber 1 of the present embodi- TABLE 8
ment has a positive mode dispersion, it is preferable that an
optical transmission line be made up of the optical fiber 1 in 60 ;Za":r:gﬁilt
combination with an optical fiber 2 which has a negative 1250 m LP,, bend loss 1Py,
mode dispersion. This makes it possible to attain an optical [ps/km/nm] (R = 40 mm) Ay
transmission line whose mode dispersion is smaller than that
of an optical transmission line constituted by the optical fiber At [ps/km] LPo  LPy, [dB/km] [m’]

1 only. 65 +20.0 20.65  8.76 6.18 x 107® 164.15

FIG. 10 illustrates an example configuration of an optical
transmission line 10 whose mode dispersion is smaller than
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Table 9 shows an example setting of the parameters A, Rd,
and Ra of the optical fiber 2 having the negative mode dis-
persion Atn. In the example setting, the core radius a is 15.8,
and the equivalent V value T is 4.36.

TABLE 9
Parameter Value
Core A 0.34
Rd 0.1
Ra 0.8
Core radius 15.8
Equivalent V value T 4.36

Table 10 shows transmission properties (mode dispersion,
wavelength dispersion, bend loss, and effective core area) of
the optical fiber 2 whose parameters A, Rd, and Ra are set as
shown in Table 9.

TABLE 10
Wavelength
dispersion LP,, bend loss LPy,
at 1550 nm (R =40 mm) A
At [ps/km] LPg, LP,, [dB/km] [nm?]
-103.4 20.55 8.81 5.14x 1076 166.0

The mode dispersion Atp of the optical fiber 1 is +20.0
ps/km, and the mode dispersion Atn of the optical fiber 2 is
-103.4 ps/km. As such, by setting the length Lp of the optical
fiber 1 and the length Ln of the optical fiber 2 so as to satisfy
Lp:Ln=517:100, it is possible to attain an optical transmis-
sion line 10 which meets the third-order mode cutoff condi-
tion, the large effective core area condition, and the low bend
loss condition, and which has a mode dispersion tn of
approximately O (zero).

The following description will discuss a second example
setting of the parameters A, Rd, and Ra of each of the optical
fibers 1 and 2 which constitute the optical transmission line
10. Note that each of the optical fibers 1 and 2 has the refrac-
tive index distribution shown in (b) of FIG. 1.

Table 11 shows an example setting of the parameters A, Rd,
and Ra of the optical fiber 1 having the positive mode disper-
sion Atp. In the example setting, the core radius ais 15.4, and
the equivalent V value T is 4.31.

TABLE 11

Parameter Value
Core A 0.35
Rd 0.2
Ra 0.8
Core radius 15.4
Equivalent V value T 4.31

Table 12 shows transmission properties (mode dispersion,
wavelength dispersion, bend loss, and effective core area) of
the optical fiber 1 whose parameters A, Rd, and Ra are set as
shown in Table 11.
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TABLE 12
Wavelength
dispersion
at 1550 nm LP,, bend loss LPo;
ps/km/nm (R =40 mm) A
AT [ps/km] LPo, LPy, [dB/km] [um?]
+18.8 20.60 8.26 4.06x 1073 158.67

Table 13 shows an example setting of the parameters A, Rd,
and Ra of the optical fiber 2 having the negative mode dis-
persion Atn. In the second example setting, the core radius a
is 15.3, and the equivalent V value T is 4.28.

TABLE 13
Parameter Value
Core A 0.35
Rd 0.12
Ra 0.8
Core radius 15.8
Equivalent V value T 4.28

Table 14 shows transmission properties (mode dispersion,
wavelength dispersion, bend loss, and effective core area) of
the optical fiber 2 whose parameters A, Rd, and Ra are set as
shown in Table 13.

TABLE 14
Wavelength
dispersion LP,, bend loss LPo;
at 1550 nm (R =40 mm) A
AT [ps/km] LPo, LPy, [dB/km] [um?]
-105.0 20.53 8.55 5.14x 1076 158.26

The mode dispersion Atp of the optical fiber 1 is +18.8

o ps’km, and the mode dispersion Atn of the optical fiber 2 is
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-105.0 ps/km. As such, by setting the length Lp of the optical
fiber 1 and the length Ln of the optical fiber 2 so as to satisfy
Lp:Ln=>525:94, it is possible to attain an optical transmission
line 10 which meets the third-order mode cutoff condition,
the large effective core area condition, and the low bend loss
condition, and which has a mode dispersion in of approxi-
mately O (zero).

CONCLUSION

An optical fiber of the present embodiment is configured to
include: an inner core whose refractive index distribution has
an o profile; an outer core which surrounds the inner core; and
aclad which surrounds the outer core, the optical fiber having
Rd of not less than 0.15 where Rd is a ratio of a relative
refractive index difference between the outer core and the
clad to a relative refractive index difference between a center
part of the inner core and the clad.

According to the configuration, it is possible to realize an
optical fiber which meets a third-order mode cutoff condition
and a low mode dispersion condition by appropriately setting
parameters Ra and A, and a core radius a (which will be later
described).

What is meant by the third-order mode cutoff condition is
a condition imposed on a parameter which defines a structure
of an optical fiber so that the optical fiber can cut off a
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third-order mode or higher-order modes of light which has
entered the optical fiber. That is, the third-order mode cutoff
condition is a condition imposed on a parameter which
defines a structure of an optical fiber so that the optical fiber
can function as a two-mode optical fiber. What is meant by the
low mode dispersion condition is a condition imposed on a
parameter which defines a structure of an optical fiber so that
a mode dispersion At is not less than -5 ps/km but not more
than +20 ps/km.

It is preferable to configure the optical fiber of the present
embodiment such that Rd is not less than 0.15 but not more
than 0.25.

According to the configuration, it is possible to realize an
optical fiber which meets not only the third-order mode cutoff
condition and the low mode dispersion condition but also a
large effective core area condition by appropriately setting the
parameters Raand A, and the core radius a (which will be later
described).

What is meant by the large effective core area condition is
a condition imposed on a parameter which defines a structure
of'an optical fiber so that an effective core area Aeff related to
an LP01 is not less than 150 pm?.

It is preferable to configure the optical fiber of the present
embodiment such that Rd is not less than 0.15 but not more
than 0.23.

According to the configuration, it is possible to realize an
optical fiber which meets not only the third-order mode cutoff
condition, the low mode dispersion condition, and the large
effective core area condition but also a low bend loss condi-
tion by appropriately setting the parameters Ra and A, and the
core radius a (which will be later described).

What is meant by the low bend loss condition is a condition
imposed on a parameter which defines a structure of an opti-
cal fiber so that a bend loss (R=40 mm) related to an L.P11 is
not more than 1.0x107> dB/km.

It is preferable to configure the optical fiber of the present
embodiment so as to have Ra of not more than 0.80 where Ra
is a ratio of a radius of the inner core to an outer radius of the
outer core.

According to the configuration, it is possible to realize an
optical fiber which meets the third-order mode cutoff condi-
tion and the low mode dispersion condition by appropriately
setting the parameter A and the core radius a (which will be
later described).

It is preferable to configure the optical fiber of the present
embodiment such that Ra is not less than 0.77.

According to the configuration, it is possible to realize an
optical fiber which meets not only the third-order mode cutoff
condition and the low mode dispersion condition but also the
large effective core area condition by appropriately setting the
parameter A and the core radius a (which will be later
described).

It is preferable to configure the optical fiber of the present
embodiment such that Ra be not less than 0.78.

According to the configuration, it is possible to realize an
optical fiber which meets not only the third-order mode cutoff
condition, the low mode dispersion condition, and the large
effective core area condition but also the low bend loss con-
dition by appropriately setting the parameter A and the core
radius a (which will be later described).

It is preferable to configure the optical fiber of the present
embodiment such that in a case where the relative refractive
index difference between the center part of the inner core and
the clad is A[%]=[(n1?-n2%)/2n1%]x100, where n1 represents
a refractive index of the center part of the inner core, and n2
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represents a refractive index of the clad, (Rd, Ra, A) is
included in a pentahedron defined by six vertexes P1 (0.23,
0.78, 0.35), P2 (0.23, 0.80, 0.35), P3 (0.15, 0.78, 0.37), P4
(0.15, 0.80, 0.38), P5 (0.15, 0.78, 0.32), and P6 (0.15, 0.80,
0.32) in a parameter space spanned by Rd, Ra and A.

According to the configuration, it is possible to realize an
optical fiber which meets the third-order mode cutoff condi-
tion, the low mode dispersion condition, the large effective
core area condition, and the low bend loss condition by appro-
priately setting the core radius a.

It is preferable to configure the optical fiber of the present
embodiment such that Rd is not less than 0.15 but not more
than 0.20, Ra is not less than 0.78 but not more than 0.8, and
A is not less than 0.34 but not more than 0.36.

According to the configuration, conditions imposed on
respective parameters are individually determined. It is there-
fore possible to set the parameters individually. This makes it
easy to design the optical fiber.

An optical transmission line of the present embodiment is
configured to include: the optical fiber; and a mode dispersion
compensating optical fiber having a mode dispersion which is
opposite in sign to a mode dispersion of the optical fiber.

According to the configuration, it is possible to realize an
optical transmission line whose mode dispersion is smaller
than that of an optical transmission line constituted by the
optical fiber only.

ADDITIONAL DESCRIPTION

The present invention is not limited to the description of the
embodiments above, and can therefore be modified by a
skilled person in the art within the scope of the claims.
Namely, an embodiment derived from a proper combination
of technical means disclosed in different embodiments is
encompassed in the technical scope of the present invention.

The above-described embodiment assumes that the refrac-
tive index distribution of the inner core has an o profile where
a is 2. However, the present invention is not limited to this.
That is, the refractive index distribution of the inner core
should have an a. profile, but a does not necessarily have to be
2.

INDUSTRIAL APPLICABILITY

An optical fiber of the present invention is suitably appli-
cable to a large-volume transmission optical fiber, particu-
larly to a long-distance transmission optical fiber.

REFERENCE SIGNS LIST

1: optical fiber

11: core

111: inner core

112: outer core

12: clad

2: optical fiber (mode dispersion compensating optical fiber)
10: optical transmission line

The invention claimed is:

1. An optical fiber comprising:

an inner core whose refractive index distribution has an c
profile;

an outer core which surrounds the inner core; and

a clad which surrounds the outer core,

the optical fiber having Rd of not less than 0.15 where Rd
is aratio of a relative refractive index difference between
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the outer core and the clad to a relative refractive index
difference between a center part of the inner core and the
clad,

wherein the optical fiber is configured to transmit lightin a
fundamental mode and, when a wavelength of incident
light is 1.55 pum, to transmit light in a second-order
mode.

2. The optical fiber as set forth in claim 1, wherein:

Rd is not less than 0.15 but not more than 0.25.

18

said method comprising the step of:
setting respective refractive indices of the inner core, the
outer core, and the clad so that the optical fiber has Rd
of not less than 0.15 where Rd is a ratio of a relative
refractive index difference between the outer core and
the clad to a relative refractive index difference
between a center part of the inner core and the clad,
wherein the optical fiber is configured to transmit light in a
fundamental mode and, when a wavelength of incident

3. The optical fiber as set forth in claim 2, wherein: 10 . . o1 .
Rd is no?less than 0.15 but not more than 0.23. light is 1.55 um, to transmit light in a second-order
4. The optical fiber as set forth in claim 3, wherein: 1 lm:je' tical fib N
the optical fiber has Ra of not more than 0.80 where Ra is - A oplical Iber Comprising. .
a ratio of a radius of the inner core to an outer radius of an inner core whose refractive index distribution has an o
the outer core. 15 profile; . .
5. The optical fiber as set forth in claim 4, wherein: an outer core which surrounds the inner core; and
Ra is not less than 0.77. a clad which surrounds the outer core,
6. The optical fiber as set forth in claim 5, wherein: the optical fiber having Rd of not less than 0.15 where Rd
Ra is not less than 0.78. is a ratio of a relative refractive index difference between
7. The optical fiber as set forth in claim 6, wherein: 20 the outer core and the clad to a relative refractive index
in a case where the relative refractive index difference difference between a center part of the inner core and the
between the center part of the inner core and the clad is clad; wherein
A [%]=(n1?-n2%)/2n1°x100, where nl represents a Rd is not less than 0.15 but not more than 0.23,
refractive index of the center part of the inner core, and the optical fiber has Ra of not more than 0.80 where Ra is
n2 represents a refractive index of the clad, 25 a ratio of a radius of the inner core to an outer radius of
(Rd, Ra, A) is included in a pentahedron defined by six the outer core,
vertexes P1 (0.23, 0.78, 0.35), P2 (0.23, 0.80, 0.35), P3 Ra is not less than 0.78, and
(0.15,0.78, 0.37), P4 (0.15, 0.80, 9'38)’ P5(0.15,0.78, in a case where the relative refractive index difference
032), an I;gd(%IS ° (()1'8AO’ 032) in a parameter space between the center part of the inner core and the clad is
spanned by thd, Ra and A. 30 A[%]=(n12-n22)/2n1?x100, wh 1 t
8. The optical fiber as set forth in claim 7, wherein: %] .(n T )201°x100, where n  represents @
Rd is not Tess than 0.15 but not more than 0.20. Ra is not refractive index of the center part of the inner core, and
less than 0.78 but not more than 0.8, and A is not less than 2 represepts. a refractl.ve index of the clad, .
0.34 but not more than 0.36. (Rd, Ra, A) is included in a pentahedron defined by six
9. An optical transmission line comprising; 35 vertexes P1 (0.23, 0.78, 0.35), P2 (0.23, 0.80, 0.35), P3
an optical fiber recited in claim 1; and (0.15,0.78,0.37), P4 (0.15, 0.80, 9.38), P5(0.15,0.78,
a mode dispersion compensating optical fiber having a 0.32), an I;g d(%l 3 (()1'8AO’ 0.32) in a parameter space
mode dispersion which is opposite in sign to a mode spanned by ¢, kaand a. . .
dispersion of the optical fiber. 12. The optical fiber as set forth in claim 11, Whereu.l
10. A method for manufacturing an optical fiber including 40 Rd is not less than 0.15 but not more than 0.20, Ra is not

less than 0.78 but not more than 0.8, and A is not less than

an inner core whose refractive index distribution has an o
0.34 but not more than 0.36.

profile, an outer core which surrounds the inner core, and a
clad which surrounds the outer core, k% & %



